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High-Frequency Surface Dynamics at an Electroactive
Polymer Producing Underwater Soundwaves

Fabian L. L. Visschers, Jack Massaad, Paul L. M. J. van Neer, Martin D. Verweij,

Danging Liu, and Dirk J. Broer*

Coatings with dynamic surface structures are appealing to many applications
like haptics and soft robotics. Restrictively, the speed of the surface dynamics
in these coatings is often limited to frequencies below 1 kHz, which makes
them unsuitable for applications like acoustics and communication optics.
This work describes a method to create high-frequency surface dynamics con-
trolled by alternating electric fields on a substrate-contact-modulated coating
that consists of an elastic poly(dimethyl siloxane) network supported by SU-8
microstructures. The principle is based on the global application of Maxwell
stress that is locally resisted by the supporting SU-8 microstructures. In-
between the microstructures the elastic material is stretched, causing a large
deformation of the surface topography, which is supported by the authors’
finite element method models. By applying a high-frequency alternating field,
they discovered resonance effects at frequencies up to 230 kHz, where the
surface of the coating vibrates at high speeds and large amplitudes. At these
high frequencies, the coatings can produce and detect ultrasound waves
underwater, indicating their potential for ultrasound transducers in the future.

1. Introduction

In nature, surfaces that separate organisms from their environ-
ment are often modified to perform a specific task such as self-
cleaning,? (anti)-adhesion,’%l camouflage,”! signaling,®! and
temperature control.l”) Inspired by nature, coatings have been
developed that add dynamic properties like switchable sur-
face morphologies in response to external stimuli like pH,!!

light,12 temperature,3™ and electric
fields.>2% Electric field responsive coat-
ings in particular, have the opportunity
to provide a high-frequency input, which
in turn can potentially lead to a high-
frequency output in terms of surface
dynamics. So far however, electric-field
responsive coatings have demonstrated
surface dynamics that are still in the low-
frequency range below 1 kHz. Coatings
that would display dynamic morpholo-
gies at higher frequencies could expand
the range of applications to, for instance,
acoustics (non-destructive testing?! and
medical imaging??) and communication
optics.l?’l These coatings have some simi-
larities with capacitive micromachined
ultrasonic  transducers (CMUTs) and
piezoelectric micromachined ultrasound
transducers (PMUTs) that can also gen-
erate high frequency surface dynamics.
CMUTs and PMUTs however, are not
suitable to coat large surfaces and require more elaborate fab-
rication methods like the vacuum-sealing of the membrane.*¥
Previously, we have presented methods to generate dynamic
surface topographies at soft viscoelastic polymer coatings.!'81
Although we have demonstrated great control over the shape
and amplitude of the formed topographies in these systems,
the frequency range is still limited to a maximum of 5 Hz by
the viscoelastic properties. In this context, we now present a
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Figure 1. Design principle of an electroactive polymer coating with switchable surface topography. a) Schematic representation of the device configu-
ration. b) After application of the electric field, the surface can alter its topography according to the programmed SU-8 structure underneath. As the
pockets collapse, their content is pushed out of the sample via escape points at the edges of the samples. c) The electric circuit of the device. The
electroactive polymer combined with the micro-structured SU-8 work as a two-plate capacitor when placed in the external electric field.

new method to create high-frequency surface dynamics con-
trolled by alternating electric fields on a coating that consists of
an elastic poly(dimethyl siloxane) network supported by SU-8
microstructures. Finite element method (FEM) simulations are
employed to guide our experimental setup and to help with the
understanding of the deformation under a DC electric field.
Digital holographic microscopy (DHM) measurements are
used to confirm the predicted deformations at relatively low
frequencies. When using alternating electric fields, we discov-
ered resonance effects that occur at frequencies up to 230 kHz.
Controlled by the high frequency alternating electric field, the
local surface vibrations demonstrate higher amplitudes and
speeds than the methods we have previously presented.['819:2]
Finally, the potential of these coatings to function as ultrasound
transducers is shown by performing acoustic transmission and
reception measurements underwater.

2. Results

In our method to obtain high-frequency surface dynamics, we
have created SU-8 epoxide microstructures on a rigid glass
substrate provided with a continuous conductive layer of
indium tin oxide (ITO, E1). The microstructures support a spin
coated electroactive polymer that consists of a poly(dimethyl-
siloxane) (PDMS) elastomer. On top of the PDMS elastomer
we sputter-coated a thin layer of gold which serves as a flexible
top electrode (E0). The sample design is shown in Figure 1a.
The surface vibrations are produced by periodically induced
Maxwell stresses, commonly used to compress dielectric elasto-
mers where a thin elastomeric film is sandwiched between two
flexible electrodes in a two-plate capacitor setup.l?°281 When
Maxwell stresses compress the coatings, the global in-plane
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displacement is locally prohibited by the rigid microstructures
on the substrate. In-between the microstructures however, the
film can be stretched to fill the previously unoccupied space
resulting in a deformation of the coating’s surface (Figure 1b).
As the pockets collapse, air can freely flow out of the coating
via escape points at the edges of the sample. To initiate a sur-
face deformation, the surface potentials EO and E1 are supplied
with opposite polarity indicated by AV in the electric circuit
(Figure 1c), typically the voltage ranges from 150 to 210 V. Fur-
ther details of the device preparation and dimensions are pro-
vided in the Experimental Section.

To predict the deformation mechanics and to guide our
experimental setup, we schematically reproduced the design
of our system in the nonlinear FEM software of Marc Mentat,
using a coupled electrostatic-structural analysis.?”) The mate-
rial properties of the PDMS used in the simulations were
obtained with rheology by performing oscillatory frequency
sweeps. The frequency dependent storage and loss modulus
of the PDMS were converted into a Prony series and used as
an input in Marc Mentat. In the simulations the gap distances
between the microstructures are 100 um, which is also the
width of the microstructures themselves. More details can be
found in Note S1, Supporting Information. Upon applying an
electric field with a potential of 210 V, the surface topography
changes significantly due to a partial collapse of the air pockets
(Figure 2a,b). Directly above the microstructures, the Maxwell
stresses are resisted, and no significant contraction is deter-
mined. In-between the micro-structures, only the elastic PDMS
counteracts the Maxwell stress and a contraction of more than
3 um is observed. Next, the contraction above the gap areas is
calculated using various gap distances and plotted as a func-
tion of the applied potential difference (Figure 2c). The results
indicate that the gap distance has a large influence on the

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Simulated results of the electro-mechanical surface dynamics. Simulated 3D images showing a) the initial coating surface and b) the actu-
ated coating surface when subjected to an electric field at a DC potential of 210 V. ) Influence of the applied potential difference on the deformation
amplitude at various gap distances. d) Influence of the gap distance on the deformation amplitude using various thicknesses of the elastic PDMS at
DC potentials of 150 V. e) The predicted change in surface height and deformation speed above the SU-8 (black) and above the gap area (red). The
gap distance is 100 im and the electric field switches at a frequency of 1 Hz between 0 and 150 V. f) Measured storage modulus G” and loss modulus

G” when the coating is subjected to a frequency sweep at 5% strain.

magnitude of the contraction. This effect is explained by the
decrease of the elastic counterforce as the gap distance between
the microstructures increases. On top of that, a larger gap dis-
tance increases the effective surface area where the Maxwell
stress is applied, which results in a larger compressive force.
To continue our analysis, we simulate how the thickness of
the PDMS top film affects the contraction occurring at several
different gap distances (Figure 2d and Movie S1, Supporting
Information). In these simulations the applied potential dif-
ference is lowered from 210 to 150 V, to prevent compilation
errors that occur when large strains are generated. The results
indicate that a thinner PDMS layer results in a larger contrac-
tion, which is explained by the increase in the electric field
strength as well as by the decrease in elastic counterforce. At
large gap distances, the flattening of the curves in Figure 2d is
most likely caused by the geometrical constraints of the system
where the maximum deformation is limited to 8 pm by the
height of the gap. Moving forward, we use the developed model
for predicting the kinetics of the surface dynamics. The surface
is brought into motion using an alternating electric field at a
frequency of 1 Hz with a peak-to-peak potential difference of
150 Vpp. The simulated response of the coating is monitored

Adv. Funct. Mater. 2022, 2110754 2110754 (3 of 8)

as a function of time at two adjacent locations: above the SU-8
and above the gap (Figure 2e). The simulations predict a height
difference of more than 1 um occurring at a maximum speed of
50 um st The quick response of the coating to the alterations
in the electric field indicates that the elastic properties of the
material control the deformation. The fast elastic response is
expected as the frequency-dependent storage (G’) and loss (G”)
moduli, which were used to describe the viscoelastic proper-
ties in the FEM model, do not indicate the presence of a strong
viscous component (Figure 2f). More details can be found in
Note S2, Supporting Information.

The FEM simulations predict response times of less than
100 ms and surface deformations of several micrometers for
this new coating design. Now, the proposed actuation principle
is demonstrated experimentally by monitoring the surface
deformation using DHM measurements. Prior to actuation,
the coating surface shows a small relief matching the shape of
the SU-8 microstructures underneath, which is a result of the
fabrication process (Figure 3a,c [black curve] and Movie S2,
Supporting Information). Upon applying the electric field
with a potential of 210 V, the air pockets in-between the SU-8
microstructures partially collapse resulting in a large surface

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Details of the electro-mechanical surface deformation. 3D images measured by DHM show a) the small surface relief without electric field
and b) the surface of the coating when subjected to an electric field at a DC potential of 210 V. ¢) The corresponding 2D profile of Figure 3a,b. The
black curve shows the surface profile without electric field, while the red curve is measured when the electric field is applied. d) Measured change of
the surface height above the SU-8 (black) and above the gap area (red). e) Influence of the electric field strength on the contraction above the gap area
for microstructures with various gap distances. The error bars indicate the standard deviation of the measurements. f) The results from FEM simula-

tions of the electric field distribution in cross sections of the coating. The

top image shows the electric field distribution in the original shape, while

the bottom image shows how the field distribution changes as the coating deforms.

deformation with contraction of more than 2 um (Figure 3b,c
[red curve]). Next, we further analyze the surface deformation
by extracting the time-resolved electro-mechanical response
of the coating at two adjacent locations (Figure 3d). The first
location is positioned directly above the SU-8 material, while
the second location is placed above the center of the gap area.
The initial deformation occurs fast with a slight overshoot
that takes a few minutes to equilibrate. The long equilibra-
tion time, compared to the fast initial surface deformation,
is caused by the interplay between the Maxwell stress and
the elastic counterforce. During the overshoot, the electric
field strength in the gap area increases significantly because
the top and bottom electrodes draw closer (Figure 3f). As a
result, the Maxwell stress also increases and works against
the elastic counter force, which prolongs the equilibration
process of the surface deformation. To continue the analysis
of the deformation, the influence of the gap distance in-
between the microstructures is also determined at various
DC potentials (Figure 3e). As predicted by our FEM simu-
lations, adjusting the geometry of the microstructures has
a large impact on the maximum contraction of the surface,
because the geometry determines the length of the elastomer
that can be deformed.

Adv. Funct. Mater. 2022, 2110754 2110754 (4 OfS)

Next, the kinetics of the surface dynamics are extracted from
the time resolved DHM measurements. First, the surface is
brought into a vibrating motion using a pulse generator at a
frequency of 1 Hz with a peak-to-peak potential difference of
150 Vpp, similar to our FEM simulation. Two key locations
above the SU-8 and the center of the gap are tracked while
monitoring the applied electric field (Figure 4a). A quali-
tative comparison between the experimental results from
Figure 4a and simulated results from Figure 2e shows that in
both cases the surface reacts with a rapid elastic-like deforma-
tion upon switching of the electric field. Height differences of
more than 800 nm are measured at a maximum deformation
speed of 20 um s~ Interestingly, both experimental and simu-
lated results show that the return of the coating to its original
shape occurs faster than the initial deformation. This effect is
caused by the instant release of the stored elastic energy in the
coating when the pressure from the electric field is removed.
Subsequently, the surface vibrations are measured during a fre-
quency sweep, where the amplitude of the vibration is plotted
as a function of the frequency of the input signal (Note S3 and
Figure S2, Supporting Information). To find out the resonance
frequency of the device, the Fast Fourier transformation (FFT)
of each output signal is calculated, and their respective Fourier

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. DHM measurements from electric field induced surface vibrations. a) The change in surface height and deformation speed using an AC
potential of 150 Vpp at a frequency of 1 Hz. The gap distance is 100 um. Vertical red lines indicate the moments the electric field switches on or off.

b) Amplitude of the Fourier coefficient of each measured signal at f =f; . ¢)
of 150 Vpp at a frequency of 230 kHz.

coefficient at f = f; , with f; being the excitation frequency of the
input signal is determined (Figure 4b), which clearly indicates
a resonant behavior as the amplitude of the coefficient reaches
a peak at 230 kHz. A more detailed analysis of the surface
vibration at the resonance frequency of 230 kHz, reveals a sine
shaped temporal motion of the PDMS film (Figure 4c). The
obtained deformation amplitude is 600 nm, which is generated
at a maximum speed of almost 500 um s~ In comparison, we
achieved maximum surface displacement speeds of 5 um s
in our previously described systems, where we used softer
PDMS with a lower crosslinking density and no SU-8 micro
structuring.’®l The position of the resonance peak is antici-
pated to be determined by the geometric constraints of the
microstructure and the thickness and modulus of the PDMS
film. Future experiments are planned to further tune the funda-
mental frequency by altering these parameters.

Next, to demonstrate the high speeds at which the surfaces
of the coatings vibrate, and to explore their potential for trans-
ducer applications, they are placed underwater to perform
acoustic measurements in transmission and in reception. In
underwater acoustics, it is common to characterize the per-
formance of a specific sensor by measuring its transmit and
receive transfer function, also known as efficiency and sensi-
tivity, respectively. Usually, the efficiency is determined by com-
puting, in the Fourier domain, the ratio between the acoustical
pressure measured by the hydrophone and the input voltage
on the PDMS sample.?? In this case however, when a 1-cycle
sine wave with a center frequency of fy= 230 kHz (150 Vpp)
is used as an input signal on the sample (Figure 5a),
the received signal shows amplitude peaks at 2fy and 4f,
(Figure 5b,c). The same behavior was observed with an
excitation frequency of fy = 650 kHz. The occurrence of the
amplitude peaks at 2f; and 4f; is explained by the compression
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The change in surface height and deformation speed using an AC potential

force exserted on the coating, which is always positive regard-
less of a positive or negative input potential. As a result, a rec-
tifying effect takes place in the deformation, which doubles the
input frequency of the main component of the force, accom-
panied by smaller components with higher even multiples of
the input frequency. Despite the rectifying effect in the defor-
mation of the coating, there is no DC component in the gen-
erated pressure. This DC component is effectively removed
by the double time derivative linking the produced acoustic
pressure and the volume injection rate induced by the mem-
brane displacement. Since the rectifying effect is nonlinear,
the performance of the sample is not determined by the con-
ventional computation of the transmit transfer function,
which is based on a linear system theory. Instead, we calcu-
lated the generated pressure and displacement at the surface
of the coating as an indication of its resonance frequency in
water. Details of the calculations of the pressure and displace-
ment at the surface of the coatings are described in Note S4,
Supporting Information. To further investigate the relationship
between transmitted and received center frequency, a half-cycle
pulse (with a non-zero DC component) was used as input signal
(Figure 5d). Since the half-cycle excitation is positive in sign, no
rectifier effect is expected. The received signals for the three
different input peak voltages (375, 75, and 150 V) and excitation
frequencies of 230 kHz are detected with a delay of 132 us
(Figure 5e) and amplitude peaks at 3f, (Figure 5f). The signals
obtained from excitation frequencies of 460 and 690 kHz
show similar results (Note S5 and Figure S3, Supporting
Information). Next, the pressure (Figure 5g) and displace-
ment (Figure 5h) at the surface of the coating are calculated
from the signals with excitation frequencies of 230 kHz. The
computed signals at excitation frequencies of 460 and 690 kHz
show lower amplitudes (Note S6 and Figure S4, Supporting

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Acoustic characterization underwater. a) Initial input signal on the coating. b) Signal measured by the hydrophone when using the input

signal from Figure 5a. ¢) Magnitude of the Fourier Transform of the sign

al from Figure 5a,b. d) Input signals on the coating that consist of a half

cycle pulse at a frequency of 230 kHz and different amplitudes. e) Signals measured by the hydrophone when using the input signals from Figure 5d.

f) Magnitude of the Fourier Transform of the signal from Figure 5d (dotted

lines) and 5e (continuous lines). Pressure (g) and displacement (h) signals

at the surface of the coatings, while excited with a half cycle pulse at a frequency of 230 kHz.

Information). The shape and frequency content of these sig-
nals are as expected considering the shape of the input signal
(a half-cycle square pulse) and the fact that the ultrasound
transducer analyzer (Verasonics) adds one extra wavelength to
the excitation waveform. The calculated signals indicate that the
sample performs best at 230 kHz, the same as in air, despite
the large acoustic impedance difference between air (1 Rayl)
and water (1.5 MRayl). Also, because of this large difference,
lower surface displacements in water are expected and indeed
measured (maximum of 8 nm with a pressure of 17 kPa) due
to the =10° heavier load the coating needs to displace in water
relative to air. These displacements were approximately two
orders of magnitude lower than those measured in air.

Adv. Funct. Mater. 2022, 2110754 2110754 (6 of 8)

Finally, to further investigate the applicability of the coatings
in sound transducers, we explore their potential to also receive
sound signals underwater. A calibrated source with a half-cycle
square pulse and a center frequency f, of 230 kHz is used as an
input signal, which will produce a sinusoidal like pressure pulse
impinging on the coating. The initial amplitude of the input
signal is set to a peak voltage of 150 V, producing an acoustic
pressure of 400 kPa at the surface of the calibrated source. The
coating, placed at a distance of 120 mm from the calibrated
source, receives the signal after a delay of 80 ps (Figure 6a) with
a fundamental frequency also centered around f, (Figure 6b).
Thus, the high-frequency-like characteristic observed in the
signals from Figure 6a are not associated to noise, but rather

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Signals measured by the coating at a distance of 120 mm from a calibrated source, with a half-cycle square pulse at a frequency of 230 kHz.
b) Magnitude of the Fourier Transform applied on the signals received by the coating.

inconsistencies in the coating. The rectifying effect does not
occur here, and the device behaves as a freely vibrating mem-
brane in reception. More details can be found in Note S7,
Supporting Information. The results indicate that the coatings
indeed have the capability to transmit and detect sound waves
underwater. Still, the performance is about 10 times lower than
typical underwater transducers,?%3% although there are some
practical measures to improve this further. For instance, the
receive transfer function could be increased by reducing the
gap height and coating thickness, which will increase the elec-
trostatic effect. Similar to CMUTs and PMUTs, the device can
be optimized for transmission (large gap heights) and reception
(small gap heights and limited dynamic range).

3. Conclusion

In conclusion, we have developed a new method to obtain large
topographical changes at the surface of a substrate-contact-
modulated coating under a DC electric field, as well as high-fre-
quency surface vibrations triggered by an AC electric field. Our
approach is based on the generation of Maxwell stresses in a film
supported by SU-8 microstructures. The air pockets in-between
the micro-structures can partially collapse under the pressure
from the electric field, resulting in a large change of the surface
topography, as supported by FEM simulations. When using AC
electric fields, the surface vibrates and a fundamental frequency
is discovered at 230 kHz. The obtained deformation amplitude
of 600 nm is reached at a speed of more than 400 um s~.. The
fabricated PDMS coating is also able to transmit and receive
ultrasonic waves underwater, although its performance is not yet
at the same level as commercial underwater transducers. Due to
the combination of high-frequency vibrations and large defor-
mation amplitudes, we anticipate that, after some optimization,
the coatings are useful in applications ranging from haptics and
acoustics to microfluidics and optics. Future research is focused
on obtaining control over the position of the resonance frequency
and improving its acoustical response to achieve a performance
that is more comparable to current ultrasound transducers.

4. Experimental Section

Finite Element Method Simulations: The electric field induced surface
deformations of the coating were simulated in 3D using Marc Mentat
2014.0.0.
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Materials: Glass substrates with a continuous ITO electrode were
obtained from GemTech Optoelectronics. The poly(dimethyl-siloxane)
(PDMS) elastomer and curing agent (Sylgard 184) were obtained from
Dow Corning. The SU-8 2010 microresist was obtained from MicroChem.

Sample Preparation: The PDMS curing agent was added to the silicone
elastomer in a ratio of 1:10 (as recommended by the manufacturer) to
obtain a flexible elastomer network. After thorough mixing of the two
components, the trapped air in the sample was removed under reduced
pressure. The substrates with the ITO electrode (100 nm thickness)
were cleaned by ultrasonication for 20 min in acetone and isopropanol,
respectively, and dried with airflow. Subsequently, the clean substrates
were subjected to a UV-ozone treatment for 20 min. The SU-8 2010 was
applied on the substrates by spin coating first at 500 rpm (acceleration rate
100 rpm s7") for 5 s and then at 4000 RPM (acceleration rate 300 rpm s7)
for 30 s, which resulted in a thickness of 9 um. After a softbake of 10 min
at 95 °C, the sample was exposed to UV light through a photomask at
10 mW cm=2 for 12.5 s. Next, the PDMS mixture was applied on the
substrates by spin coating at 7000 rpm (acceleration rate 1000 rpm s™)
for 2 min, which resulted in a thickness of 7 um. The samples were
then heated to 95 °C for 1 h for the curing of the PDMS and the post-
exposure bake of the SU-8. After the post-exposure bake, the samples
were developed in propylene glycol monomethyl ether acetate for 3 days.
A thin layer of gold (10 nm) was sputter coated on top of the PDMS layer
at a current of 65 mA for 11 s.

Characterization in Air: The alternating electric field with a square pulse
function was provided by a function generator (Tektronix AFG3252).
The electric signal from the function generator was then amplified with
an amplifier (Falco Systems WMA-300). The DC potential difference was
generated by a DC Power Supply (3B Scientific U33000). The output voltage
was measured with an oscilloscope (Keysight InfiniiVision DSO-X 3032T).
The surface topographies were measured with a Digital Holography
Microscope (Lyncée Tec.). The thickness of samples was measured by an
interferometer (Fogale Nanotech Zoomsurf). The mechanical properties
of PDMS were measured with an oscillatory frequency sweep by a
rheometer (AR-G2, TA instruments) with a strain of 5%.

Characterization Underwater. The samples were excited with half-
cycle square pulses with center frequencies of 230 kHz and higher,
or single sine pulses with frequencies of 230 kHz, using an arbitrary
waveform generator (AWG; Agilent 33521A, Keysight Technologies,
Santa Rosa, CA, USA). The input peak voltage was increased to 150 V
using a 55 dB amplifier (2100L RF Amplifier, Electronic Navigation
Industries, Rochester, NY, USA). The underwater signals were detected
with a 1 mm-diameter calibrated hydrophone (Precision Acoustics
Ltd., Dorchester, UK), which was placed in the water tank 200 mm
away from the surface of the sample, at the far-field of the generated
acoustic wavefield. The signal recorded by the hydrophone was amplified
by a 60 dB low-noise amplifier (MITEQ, Hauppauge, NY, USA) before
being finally recorded. The analysis of the signals was performed using
a Verasonics ultrasound system. During the reception measurements, a
40 mm diameter 250 kHz transducer (IMASONIC 13 579 SN1006, Voray-
sur-'Ognon, FR) was used as a calibrated source to excite acoustic
waves and in this setup the coating was placed at a distance of 120 mm.
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